Salmonella Pathogenicity Island-7 (SPI-7) is a large, mosaic, genetic island, found in several serovars of Salmonella enterica subsp. enterica associated with systemic disease. As well as encoding genes which may aid its own transmission, it carries genes for potential virulence factors such as Vi antigen, SopE effector and type IVB pili. The stability of SPI-7 is of interest with respect to typhoid fever and related vaccines.
Introduction
Salmonella Pathogenicity Island-7 (SPI-7) is the largest genomic island yet identified in Salmonella, comprising up to 134 kb. It was first discovered as a large insertion in the genome of the human restricted pathogen Salmonella enterica subsp. enterica serovar Typhi (S. Typhi), relative to that of serovar Typhimurium (S. Typhimurium) [1] . The "major pathogenicity island" was renamed SPI-7 during the annotation of the S. Typhi strain CT18 genome, after the discovery of a number of other S. Typhi-specific islands [2] . The genome annotation revealed that SPI-7 incorporates approximately 150 predicted genes, systematically numbered STY4521-STY4680. SPI-7 is also carried by Salmonella enterica subsp. enterica serovar Paratyphi C (S. Paratyphi C) [3] and some strains of serovar Dublin (S. Dublin) [4, 5] . There are some differences between the versions of the island in different strains and serovars, yet it is still recognised as SPI-7 [6] ( Figure) . Although tempting to correlate its presence with the ability of the strains to cause systemic disease in humans, serovar Paratyphi A (S. Paratyphi A) causes enteric disease in the absence of SPI-7 [7] .
SPI-7 fulfils all the criteria necessary to label it a pathogenicity island (PAI) [8] : it is large, carries putative virulence genes, has been implicated in enhancing pathogenicity and possesses a G+C content which differs from that of the genomic backbone. It is thought to integrate and excise as a conjugative transposon or, more likely, phage [9] . SPI-7 is sited at the tRNA PheU gene [10] , between an intact copy of the tRNA and a partial duplicated copy [5] . The structure of the island is modular, and appears to have arisen through serial acquisition of functional units (Figure) . The mosaic structure of SPI-7 comprises regions thought to be involved in the island's mobility, and several regions implicated in virulence: the locus for production and export of Vi antigen (viaB-locus), SopE phage and a type IVB pilus locus.
Stability of SPI-7 and the S. Typhi genome
Very few clinical isolates of S. Typhi lack SPI-7 in their genomic backbone, implying a selective advantage in carrying the island. A survey of over 2,000 clinical isolates recently found only one strain which has lost SPI-7, by precise excision [11] . Loss appears to occur more frequently after storage, with S. Typhi strain Ty2 losing the majority of SPI-7 during passage, excising the island from STY4521-STY4666 [9] . This deletion derivative was, interestingly, found to be more invasive of human epithelial cells than the parental strain with the complete SPI-7 [9] . In addition, 8 out of 120 stored clinical isolates of S. Typhi were found to have lost SPI-7 either through precise excision or imprecise removal of the region [12] , and S. Typhi strain SARB64 has been found, by microarray, to lack all SPI-7 associated genes [13] . This implies that although SPI-7 can be lost from strains, it is generally maintained by some selective pressure in clinical settings.
Figure.
Artemis Comparison Tool (ACT) [53] representation comparing the SPI-7 regions of the genomes of two S. Typhi strains: strain Ty2 (AE014613 -top) and strain CT18 (AL513382 -bottom).
Red bars indicate regions of >99% nucleotide identity. The numbers refer to coordinates in the published genomes. The G+C% of the regions is displayed, demonstrating the mosaic nature of the island. The modular structure is illustrated by white bars on the strain Ty2 sequence, with the predicted coding sequences (CDSs) shown as coloured blocks on the strain CT18 sequence in each of the six reading frames: rephomology to plasmid replication region, STY4521-4537; piltype IV pilus operon, STY4539-4553; tra -homology to plasmid transfer region, STY4554-4595; sopE -SopE phage, STY4600-4645; viaB-locus -viaB-locus operon, STY4651-4662; int2 -integrase region, STY4664-4666; int -integrase, STY4680. The tRNA sequences define the ends of the island: the full length tRNA PheU (77 bp) is on the right of the figure; the left-hand partial tRNA (52 bp) and the central partial tRNA (16 bp) are thought to be att phage attachment sites. Full sequences of SPI-7 from other serovars are not yet available. PCR, mapping and partial sequence data indicate that S. Dublin and S. Paratyphi C carry very similar islands (>99 % nucleotide identity and absolute synteny), but both lack SopE phage and the region between the 16 bp and 77 bp tRNAs, giving islands of approximately 90 kb. Some strains of S. Paratyphi C contain a deletion within the pil locus [3] [4] [5] .
The insertion of such a large element into a bacterial genome causes an imbalance in the replication geometry, meaning that the origin (ori) and terminus (ter) of replication are no longer positioned 180 o apart, which may adversely affect replication [1] . Other Salmonella serovars demonstrate a more conserved gene order than S. Typhi, indicating that their genome structure is more stable [14] . It is proposed that this instability in the genome is a consequence of the insertion of islands such as SPI-7. Populations of S. Typhi cells have been observed to undergo spontaneous genome rearrangements, and those which are closest to restoring ori-ter polarity have the most stable genomes and fastest generation times [14] .
Mobility of SPI-7
SPI-7 carries many predicted coding sequences (CDSs) with homology to genes involved in plasmid replication and transfer. There are also putative phage integrases (two in the S. Typhi island, and one in the S. Dublin and S. Paratyphi C islands) which may promote the excision and integration of the island. A genomic island from Haemophilus influenzae, ICEHin1056, has notable similarity to SPI-7 [15] . ICEHin1056 has been found to encode a novel Type IV Secretion System, which allows conjugation of the island [16] . It is likely that the homologous region in SPI-7 has a similar role.
These lines of evidence imply that SPI-7 may be self-transmissible, although attempted transfer of the island to a donor strain by conjugation was unsuccessful [17] . Mobilisation of a non-selftransmissible plasmid, using the SPI-7 transfer region, has been demonstrated [17] , indicating that S. Typhi can use the genes from SPI-7 in conjugation. The region from STY4554 to STY4586 is implicated in this activity. SPI-7 may have lost the ability to mobilise itself through a mutated gene at another locus.
Vi Capsule Polysaccharide Operon
The Vi capsule polysaccharide was first identified as being associated with virulence in mice, and as an antigen distinct from that of O or H antigens [18, 19] . Structurally, it is a polymer of Nacetylaminohexuronic acid [20] .
Two genetic loci, viaA-locus and viaB-locus, are required for the production of Vi antigen in S. Typhi and S. Paratyphi C [21, 22] . Whereas viaBlocus is uniquely present in Vi-positive strains, the viaA-locus operon is carried by many Salmonella serovars and E. coli, and has been shown to encompass the two-component regulatory system also involved in E. coli capsule synthesis, rcsB-C [23, 24] . The viaB-locus operon has been localised to SPI-7 [25] and comprises a region responsible for the biosynthesis of the polysaccharide, and a region involved in its export [26, 27] . Nucleotide sequencing of this locus determined that the biosynthesis operon consists of 5 CDSs, tviA-E, and the export is performed by the products of vexA-E [28, 29] . Much effort has gone into the elucidation of the function of the Vi antigen, although the picture remains unclear. Its roles in pathogenesis and immune response are discussed in two reviews [30, 31] .
Vi has become a focus for the production of vaccines. The efficacy and safety of these is reviewed [32] [33] [34] [35] , and development of new typhoid Vi vaccines is ongoing [36, 37] . The future of Vibased vaccines will depend on the maintenance of Vi within populations of S. Typhi; there are worrying reports that the viaB-locus can be inactivated in a number of ways. As mentioned above, spontaneous excision of SPI-7 has been observed, which would result in loss of the Vi phenotype [9, 11, 12] . Several other strains of S. Typhi and S. Dublin have been found to be Vinegative, yet still maintain SPI-7. These are likely to carry mutations within the viaA-locus or viaBlocus [4, 12] . Although most of these mutations have occurred after storage or passage of strains, a study of strains directly isolated from the blood of typhoid patients in Pakistan detected loss of SPI-7, or viaB-locus deletion [38] . If these strains are still exhibiting typhoid-like behaviour in the absence of Vi antigen, it implies that Vi is not essential to the development of typhoid fever, and that S. Typhi can potentially circumvent Vi-based vaccines.
SopE Phage and Effector
The SopE phage carries the gene encoding SopE effector protein. SopE was first identified in S. Dublin as a 30 kDa secreted effector protein [39] , translocated into target host cells through the Type III Secretion System encoded on SPI-1 [40] . Once inside the cell, SopE interacts with RhoGTPase signalling molecules, promoting guanosine nucleotide exchange [41] . The activated signalling pathways lead to actin rearrangements within the cell, causing membrane ruffling and aiding bacterial invasion [41] .
The phage itself is cryptic, similar to P2 phage [40] , and inducible [42] . It is present within SPI-7 in strains of S. Typhi, but absent from the S. Paratyphi C and S. Dublin versions of SPI-7, and is found in other strains of S. enterica subsp. enterica in different genomic contexts. As SopE phage is not exclusively linked to SPI-7, the effects of SopE cannot be correlated to the systemic pathology of SPI-7-carrying strains, but may be involved in cell invasion during gastrointestinal infection.
Type IVB Pilus Production
SPI-7 carries an operon responsible for the production of type IVB pili (pilL-pilV; STY4539-STY4550) [43] . The pili have a diameter of 6nm, as observed from an overexpressing construct under electron microscopy [43] , and are expressed primarily during stationary phase in liquid culture [44] .
The pili were initially characterised as enhancing the adhesion to and/or invasion of human epithelial cells: in both S. Typhi and S. Dublin, knocking out the major structural prepilin subunit, PilS, was observed to reduce bacterial uptake by target cells [4, 43, 45] . This protein, PilS, also appears to mediate the interaction with the chloride channel CFTR (Cystic Fibrosis Transmembrane Conductance Regulator) [46] , which is involved in the uptake of S. Typhi into epithelial cells [47] . More recent data shows that a pilS knockout mutant does not suffer from reduced adhesion to, or invasion of, epithelial cells [48] , indicating that the interaction is complex and may vary depending on the specific strain or growth conditions. In addition, the type IVB pili are implicated in increasing inflammatory response in human monocytic cells [49] .
A second role for the pili seems to be in bacterial self-association. The pilV gene product has been putatively identified as a pilus adhesin protein, as in the R64 thin pilus [50] . A shufflon has been observed in both systems, with the Rci recombinase performing a switch between possible alternative C termini of the PilV protein, of which there are two in SPI-7 [51] . In a pilV knockout, the S. Typhi cells are seen to selfassociate, whereas constitutive expression of pilV, with either C terminus, reduces this effect [45] . It is thought that when the shufflon is switched rapidly, as may occur under certain growth conditions, full length PilV is not produced and the bacteria may self-associate [45] . The autoaggregation phenomenon is also observed in S. Dublin [4] but is absent from S. Paratyphi C, in which the Rci recombinase cannot operate due to mutation in its target sites, and the PilV is locked with an invariant C terminus [52] . In S. Paratyphi C, it is proposed that this mutation may be responsible for rendering the strains less likely to cause epidemics, as compared to S. Typhi strains. It should be noted that some strains of S. Paratyphi C have deletions within the pil operon, from pilS (STY4547) to rci (STY4552) [5] .
Evolutionary Origins of SPI-7
As well as Haemophilus influenzae, discussed above, a number of organisms have been shown to harbour genomic islands which share genes and synteny with SPI-7: Xanthomonas axonopodis, Pseudomonas fluorescens, Pseudomonas aeruginosa, Burkholderia xenovorans, Ralstonia metallidurans, Yersinia enterocolitica and Photorhabdus luminescens [5, 15] . The level of amino acid identity is often very low, but core elements of the islands can be identified, including portions of the rep, tra and int regions (Figure) . These islands carry varied cargoes, with the SPI-7 viaB-locus operon being replaced by genes encoding antibiotic resistance cassettes, toxins and metabolic proteins, reflecting the differences between these bacteria in habitat and selective pressure. This leads to the appealing idea of an ancient ancestral element, which has undergone extensive divergence, picking up alternative functional modules during its dispersal.
Summary
SPI-7 represents an intriguing pathogenicity island, part of a family of islands found in a broad range of Gram negative bacteria. Its functions have yet to be fully determined, especially those of the associated virulence factors. No strict correlation between a specific factor and the ability to cause systemic disease has been found, confounded by the ability of S. Paratyphi A to cause enteric disease without SPI-7. Vi antigen holds potential for a typhoid vaccine, but the discovery of Vi-negative typhoid causing strains invites caution.
